Background
Introduction
Multiple system atrophy (MSA) is a sporadic adult-onset neurodegenerative disease characterized by any combination of parkinsonism, cerebellar ataxia, autonomic dysfunction and pyramidal tract dysfunction [1] . When parkinsonism is predominant, the disorder is referred to as MSA-P, and when cerebellar ataxia is predominant, this disease is referred to as called MSA-C [1] . Although according to the Diagnostic and Statistical Manual of Mental Disorders dementia is an exclusion criterion for the diagnosis of MSA [2] , increasing studies have suggested that cognitive impairment in MSA might be more frequent than previously recognized [3] [4] [5] [6] [7] . Furthermore, previous imaging [6] [7] [8] and neuropathological studies [9, 10] have shown that frontal and temporal lobe degeneration in patients with MSA might contribute to cognitive impairment and behavior changes in MSA.
A recent meta-analysis showed that cognitive impairment is an important and common symptom of MSA [3] . The Addenbrooke's Cognitive Examination-Revised (ACE-R) was developed as a brief cognitive assessment instrument incorporating elements of the Mini-Mental State Examination (MMSE). This multidimensional test not only facilitates the overall assessment of cognition but also provides an assessment of the profile of different cognitive domains. The ACE-R can be administered without trained personnel and can be completed in approximately 15 minutes. The validation of different ACE-R versions has been conducted in several countries [11] [12] [13] [14] , and this test has been demonstrated as superior to the MMSE in the detection of cognitive dysfunction in patients with neurodegenerative diseases, such as Parkinson's disease (PD) [15] , MSA [16, 17] , progressive supranuclear palsy (PSP) [16] , corticobasal degeneration (CBD) [16] , Alzheimer's disease (AD) [18] , Huntington's disease (HD) [17] and amyotrophic lateral sclerosis (ALS) [19] . The Chinese version of the ACE-R is a reliable assessment tool for screening cognitive dysfunction in ALS, mild cognitive impairment (MCI) and AD with the different cut-off scores of 75,86 and 68, respectively [13, 19] .
Frontal-executive dysfunction is the most common presentation of cognitive impairments in MSA patients [3] . The Frontal Assessment Battery (FAB) is a short tool to assess frontal lobe /executive function [20] . A few studies have applied FAB to examine frontal lobe dysfunction in MSA patients [4, 21, 22] , and they showed that 26.7% to 41% of patients with MSA exhibited frontal lobe dysfunction. However, the limitations of these studies included the absence of exploring the relationships between frontal lobe dysfunction and global cognitive status and motor and non-motor symptoms of MSA patients.
Behavior changes have been associated with frontal lobe dysfunction [23] . Because of the evidence of frontal degeneration in MSA patients [6] [7] [8] [9] [10] , behavior changes in MSA should be considered. The Frontal Behavioral Inventory (FBI), recommended to assess behavior changes [23] , has not been applied to study the behavior changes of patients with MSA. Studies focusing on the characteristics of frontal lobe dysfunction and behavioral deficits in Chinese MSA patients are not available. It has been reported that the MSA-C subtype accounts for the majority of MSA in Asian populations, whereas the MSA-P subtype accounts for the majority of MSA in Caucasian populations [24, 25] . Thus, whether the characteristics of cognition in Chinese MSA patients are different from those Caucasian populations remains unknown. Therefore, the following are the aims of the present study: 1) explore the general features of global cognitive status, frontal lobe function and behavior changes in Chinese MSA patients using three screening measurements, i.e., ACE-R, FAB and FBI; 2) reveal the relationship between global cognitive status and frontal lobe function and other important motor and nonmotor symptoms of MSA patients; 3) analyze the relationship between behavior changes and other important motor and non-motor symptoms of MSA patients; and 4) reveal the differences in the frontal lobe function and behavior changes between patients of different sexes and subtypes (MSA-P and MSA-C).
Patients and Methods
A total of 115 MSA patients admitted to the Department of Neurology, West China Hospital, Sichuan University (Tertiary Referral Center of Southwest of China) between April 2012 and April 2014 were enrolled in the present study. All MSA patients met the probable MSA clinical diagnostic criteria [2] . All patients were subjected to brain MRI scans to exclude other neurological disorders. Most patients with MSA-C (57/67) were screened for mutations in causative genes of spinal cerebellar ataxia (SCA), including SCA 1, 2, 3, 6, and 7 genes, to exclude the diagnosis of SCA. All patients were evaluated during face-to-face interviews. Clinical information regarding sex, age of onset, disease duration, and years of education were collected. The severity of MSA was assessed using the Unified MSA Rating Scale (UMSARS) [26] . The patients were categorized as the MSA-C subtype when cerebellar ataxia symptoms and signs were observed predominately and the MSA-P subtype when parkinsonism symptoms and signs were observed predominated. Patients with severe ataxia (more than 3 points of speech, item 2 of UMSARS-II) or parkinsonism symptoms (more than 3 points of tremor, item 5 of UMSAR-S-II) were excluded to avoid interfering with cognitive measurements. In addition, patients suffering from a manifest dementia indicated by a Mini-Mental State Examination (MMSE) scores <20 were excluded in accordance to the current MSA consensus criteria [2] . A total of 110 patients with MSA were included in the analysis. The disease onset was defined as the time of initial symptom of any motor (parkinsonism or cerebellar dysfunction) or autonomic feature (except for erectile dysfunction) [1] . The education level was defined as the years of schooling, with reference to the education system in China plus the years after school during which the subject acquired professional qualification. Fifty-five healthy controls (HCs) were matched to 110 patients for age, sex, and education at a ratio of 1:2. HCs were recruited to perform FAB and ACE-R scales measurements. None of the HCs had any neurological diseases and psychiatric disorders.
The global cognition was assessed using ACE-R, which evaluates five cognitive domains including orientation/ attention, memory, verbal fluency, language and visuospatial ability domains, and has a maximal total score of 100, with a higher score representing better cognitive function. Neurologists administered the Chinese versions of both the ACE-R (http://www. ftdrg.org) and MMSE to all patients and HCs by in a standardized manner. Cognitive impairment was defined as a total score of more than 1.5 standard deviations below the mean performance of the mean ACE-R score for the healthy controls (HCs)' or an MMSE score less than 26 [19] . In MSA, there is no specific definition for cognitive impairment and previous studies also measured the cognition of MSA in different ways. We used 1.5 SD as a cut-off score because mild cognitive impairment in Parkinson's Disease (PD-MCI) used 1.5 SD as well [27, 28] .
The FAB comprised six subtests, including similarities, lexical fluency, motor series, conflicting instructions, go-no-go, and prehension behavior. However, different cut-off scores were selected according to previous studies on MSA. For example, one study used a cut-off score of 10 [22] , whereas another study used a cut-off score of 14 [21] . In the present study, the cut-off score for FAB was defined as a total score of more than 1.5 standard deviations below the mean FAB score for the HCs.
The personality and behavior disturbance was assessed using the 24-item FBI, completed by the caregivers [23] . A value of 0 to 3 was allocated for each item. Total FBI scores ranged from 0 to 72. A total score of zero indicates no behavior changes, a total score of 1 to 3 corresponds to mild behavior changes, a score of 4 to 15 indicates moderate behavior changes, and a total score > 15 corresponds to severe behavior changes [29] .
Written informed consent was obtained from all participants prior to recruitment and this study was approved by the Ethics Committee of West China Hospital of Sichuan University.
Statistical Analysis
Except for FBI-positive score, FBI-negative score and all six domains of FAB, all the continuous data in our study were normally distributed by using the Kolmogorov-Smirnov test. Comparisons of the normally distributed data between groups were analyzed using analysis of variance (ANOVA), while non-normally distributed data were compared by Mann-Whitney U-tests. The normally distributed data were expressed as the mean ± standard deviation (SD), while non-normally distributed data were showed as median (lower quartiles, upper quartiles). The Chi-Square test was used to compare the categorical variables. Spearman's correlation test was used to assess the relationship between clinical variables, including age of onset, subtype, disease duration, education level, and UMSARS, ACE-R, FAB, and FBI scores. Binary logistic regression (Wald forward entry method) was used to investigate THE multivariate predictors of global cognitive impairment and frontal lobe dysfunction in turn. The examined dichotomized variables included sex (male/female), age (60/<60 years), education (9/<9 years), disease duration (3/<3 years), and UMSARS (40/<40) as previously described [21] . Significance was defined as a p value of less than 0.05. The p values were corrected for the false discovery rate to adjust for multiple comparisons. Data analysis was performed using SPSS 21.0 statistical software.
Results
Among 110 MSA patients including 62 males and 48 females, 67 patients were MSA-C patients and 43 were MSA-P patients. The mean age of the MSA patients was 56.7 ± 9.4 years, and the mean disease duration was 2.7 ± 1.5 years (ranged from 0.55 to 6.7 years). The mean education level was 9.4 ± 3.7 years, and the mean UMSARS score was 38.9 ± 12.5 (ranged from 16 to 76). The 55 HCs included 32 males and 23 females. There were no significant differences in age, sex and education years between the HCs and patients. The demographic data and ACE-R scores for the HCs are presented in Table 1 .
In the present study, the cut-off score for ACE-R was set as "70" based on the mean ACE-R score for the HCs (83.2 ± 8.6) ( Table 2 ). The mean ACE-R score for the patients was 73.9 ± 13.4. Therefore, the prevalence of global cognitive deficits based on a cut-off score of ACE-R 70 was 32.7% (36/110) (Fig 1) . The frequency of cognitive deficit of ACE-R domains was 26.3% for verbal fluency, 26.3% for visuospatial ability, 24.5% for language, 24.5% for memory and 10.9% for orientation/attention (Fig 1) . The ACE-R-abnormal group had a lower education level, longer disease duration, lower FAB score and higher frequency of abnormal FAB (Table 2) . However, based on the MMSE score, 23 patients (20.9%) had cognitive deficits.
In the present study, the cut-off score for FAB was set as "14" based on the mean FAB score for the HCs (16.7 ± 1.4) ( Table 3 ). The mean FAB score for the patients was 14.4 ± 3.2. The prevalence of frontal lobe dysfunction was 41.6% (46/110) based on a cut-off score of FAB 14 (Fig 2) . The most frequent affected subtest was inhibitory control (60.9%) (Fig 2) . The FABabnormal group had a higher proportion of MSA-C patients with a lower education level, higher UMSARS score, lower ACE-R score and higher frequency of abnormal ACE-R ( Table 3 ). The frequencies of each subtest score of FAB < 3 in MSA patients are presented in Fig 2. The mean FBI score was 5.5 ± 4.5. Based on the FBI score, 22.7% patients showed mild frontal behavior changes (FBI score 1-3), 57.2% patients showed moderate frontal behavior changes (FBI score 4-15), and 2.7% patients showed severe behavior changes (FBI score>15). The most commonly impaired neurobehavioral domain was incontinence (71 patients, 64.5%), followed by logopenia (67 patients, 60.9%) and apathy (48 patients, 43.6%) (Fig 3) . The UMSARS scores increased with increasing severity of frontal behavior changes (Table A in S1 File).
The results of Spearman's correlations between MSA-related variables and the neurobehavioral test results are shown in Table 4 . The total ACE-R score was correlated with the education level, and the UMSARS, FAB and FBI scores. The total FAB score was correlated with education level and the UMSARS, ACE-R and FBI scores. The total FBI score was correlated with the UMSARS, ACE-R and FAB scores.
The binary logistic regression (Wald forward entry method) model revealed that education level < 9 years and UMSARS 40 were the potential determinants of abnormal ACE-R in MSA patients (Table 5) , whereas in MSA-C patients,these two values were the potential determinants of abnormal FAB ( Table 5 ).
The MSA-C patients had lower UMSARS scores than MSA-P patients (P<0.05). After adjustment for the UMSARS score, MSA-C patients had lower total scores for FAB and the domain "conflicting instruction", and a higher percentage of abnormal FAB than MSA-P patients (Table B in S1 File).
Compared with male MSA patients, the female patients had lower subtest scores for "similarity" of FAB (P<0.05). There were no significant differences between male and female patients in the subgroups regarding subtypes, years of education, disease duration, age of onset, and UMSARS, ACE-R, FBI and FAB scores (Table B in S1 File). 
Discussion
The present study is the first to evaluate global cognition and specific cognitive functions, including frontal lobe-related ability/executive function and behavior changes, in a large Chinese MSA patient population. Global cognitive deficits, frontal lobe dysfunction, and behavior changes were common in Chinese MSA patients. MSA patients with a low education level and severe motor deficit were more likely to have global cognitive deficits. Moreover, in the MSA-C subtype patients, low education level and severe motor deficit are the potential predictors of frontal lobe dysfunction.
Global cognitive deficits were commonly observed in the present study, showing that 32.7% and 20.9% of patients with MSA had global cognitive deficits based on ACE-R and MMSE, respectively, consistent with the findings of previous studies (ranged from 20% to 42.9%) [6, 21] . These findings suggested that ACE-R is superior to MMSE for detecting cognitive deficits in MSA, particularly for detecting mild cognitive deficits, consistent with previous studies on other neurodegenerative diseases [15, 16, 18, 19] . Considering the broader range of cognitive domains, ACE-R accurately and comprehensively reflects the cognitive profile of MSA patients and represents a more reliable bedside test to detect cognitive deficits than MMSE. Wide ranges of cognitive domains defects, including visuospatial ability, verbal fluency, memory, language, and orientation/ attention, were observed in MSA patients, consistent with previous studies [6, 7, 21, 30] . The high frequency of visuospatial disability has been confirmed in a series of studies [6, 7] . The language and verbal fluency function, including spontaneous speech, syntax, repetition, and lexico-semantic function, have been confirmed in other studies on MSA patients [6, 30] . These consistent findings suggest that Chinese patients with MSA have similar impairments in cognitive domains compared to non-Chinese MSA patients. Because patients with severe ataxia or parkinsonism symptoms were excluded, these findings suggest that cognitive dysfunction, particularly language and verbal fluency, is a feature of MSA, independent of motor deficits.
A recent meta-analysis on cognitive impairments in MSA patients showed that the main impaired domain of cognition was executive function [3] . The results of the present study showed that 34.5% of Chinese MSA patients had frontal lobe dysfunction, consistent with the findings of previous studies on Caucasian populations (ranging from 26.7% to 41%) [4, 21, 22] . In the present study, the most commonly affected domains in MSA patients were "inhibitory control" and "similarity". The "similarity" function, representing the ability of abstracting processes, is heavily dependent on the activity in the dorsolateral prefrontal cortex (DLPFC) [31] . The function of "inhibitory control" is primarily associated with activity in the orbitofrontal cortex (OFC) [32] . Recent imaging [6] [7] [8] 33] and pathological studies [10, 34] have revealed frontal and temporal degeneration in patients with MSA. For example, an MRI voxel-based morphormetry study showed OFC atrophy in MSA patients [33] , and[18F]fluorodeoxyglucose positron emission tomography studies showed decreased [18F]fluorodeoxyglucose uptake in the DLPFC of MSA patients [6, 7] . These imaging and pathological studies supported the findings of the present study showing frontal lobe dysfunction in MSA patients.
The present study showed that 82.7% of patients with MSA had frontal behavior changes based on FBI; however, only 2.7% of patients had severe behavior changes, and most of the patients had mild and moderate behavior changes. Few studies have focused on frontal behavior changes in MSA patients. A small study including 39 MSA-P and 22 MSA-C Caucasian patients showed that the Neuropsychiatric Inventory (NPI) scores of both MSA-C and MSA-P patients were lower than those in the PD group, and there was no significant difference between the two subtypes [4] . Another small study including 10 MSA-C and 13 MSA-P Asian patients showed that MSA patients had higher NPI scores than healthy controls [8] . However, these two studies did not analyze the frequency of frontal behavior changes in MSA patients. The most commonly affected FBI domain was "incontinence", reflecting the autonomic dysfunction of MSA patients. The other two most frequent neurobehavioral changes besides "incontinence", i.e., logopenia and apathy, are negative symptoms. A study involving 34 MSA patients showed that these patients more frequently suffered from apathy than PD patients based on a non-motor symptoms scale, with a mean frequency of 65% in MSA patients, which is higher than the frequency of 43.6% obtained in the present study [35] . The difference in the frequency of apathy might reflect differences in the selected samples and scales. The positive correlation between frontal behavior changes and the UMSARS scores observed in the present study suggests that the frontal behavior changes reflect the disease progression in MSA patients. A previous study also showed that the NPI sub-items, such as agitation, disinhibition, aberrant motor behavior, and eating disorders, are correlated with the UMSARS score [4] . In the present study, we cannot completely exclude the impact of mood such as reactive depression, as we did not measure the mood using specific scales because of the rapid progression of MSA without any causal treatment option. Additionally, we selected the cut-off score used in previous studies [29, 36] because we did not evaluate the FBI of healthy subjects. Therefore, these limitations should be considered when explaining MSA-specific findings with frontal behavioral changes. The large sample size used in the present study also facilitated the examination of the natural history and clinical correlates between cognitive dysfunction and frontal lobe dysfunction in Chinese patients with MSA. Given the association between low education level and cognitive status in older populations [37] , we matched the education years between patients and HCs. Therefore, the cognitive decline of patients with MSA was associated with the disease itself. The finding that MSA patients with low education levels and severe disease were more likely to have global cognitive deficits is consistent with the findings in PD [38] . Additionally, a previous study on MSA using the MMSE scale also showed that MSA patients with a lower education level were more likely to experience global cognitive impairment [21] . The findings of the present study were supported by the cognitive reserve hypothesis in AD, which proposes that higher education provides more efficient compensatory mechanisms against underlying pathology [39] . Another study on MSA showed that the global cognitive deficits were not associated with disease duration, consistent with the results of the present study [22] .
Notably, the disease severity and MSA-C subtype are potential predictors of frontal lobe dysfunction. The relationship between disease severity and frontal lobe dysfunction has also been observed in previous studies, consistent with the findings of the present study [4, 5] . Moreover, patients with MSA-C might be more likely to have frontal lobe dysfunction than those with MSA-P. A study from Taiwan showed that MSA-C patients performed worse than MSA-P patients in the memory score, Stroop test, and time to complete the trail-making test, which also supports the findings of the present study. The increased atrophy observed in MSA-C patients compared with MSA-P patients might explain the difference in the frontal lobe dysfunction between MSA-C and MSA-P patients [8] . Additionally, the disrupture of cerebella-thalamus-cortical loops might also play a role [40, 41] . Additionally, the present study was one of a few studies to examine general cognitive function, frontal lobe dysfunction and behavior changes in two subtypes of MSA patients of different sexes. The results showed that the "similarity" score was lower in female than in male MSA patients. MSA was classified to be the "synucleinopathies" along with PD. Cognitive performance in PD is different between different sexes [42, 43] . For example, Braak et al. reported that female PD patients frequently have more cognitive impairment (94.4%) than male PD patients (86.5%) [42] ; Riedel et al. showed that female patients attained significantly worse score for Clock Drawing Test scores in a large and nationwide research study of PD patients [43] . The results of the present study suggested that sex might play a role in the frontal lobe dysfunction in MSA patients. However, the contribution of sex to the observed difference in the FAB of MSA patients remains unclear.
Some limitations cannot be ignored in the present study. First, the current study was a cross-sectional study and.we did not present the longitudinal data obtained on the frontal lobe dysfunction and behavior changes due to the limited time. However, we continue to explore the global cognition, frontal lobe dysfunction and behavior changes in MSA patients. Second, all patients in the present study were recruited from a single center in China. Therefore, it is necessary to conduct a multi-center prospective study on general cognition, frontal lobe function and behavior changes in MSA.
Conclusion
Cognitive impairment is common in Chinese MSA patients. The findings of the present study strongly suggest that cognitive impairment should not be an exclusion criterion for the diagnosis of MSA in research and clinical trials. Low education level and disease severity are potential predictors of global cognitive deficits in MSA patients. Moreover, MSA-C subtype, disease severity, and low education level are potential predictors of frontal lobe function.
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